Abstract TNF-related apoptosis-inducing ligand (TRAIL) is a member of the TNF family of cytokines, which can induce apoptosis in various tumor cells by engaging the receptors, DR4 and DR5. Bortezomib (Velcade) is a proteasome inhibitor that has been approved for patients with multiple myeloma. There is some experimental evidence in preclinical models that bortezomib can enhance the susceptibility of tumors to TRAIL-induced apoptosis. In this study, we investigated the effects of TRAIL-induced death using an agonistic antibody to the TRAIL receptor DR5 (a-DR5) in combination with bortezomib administered to mice previously injected with breast cancer cells (TUBO). This combination had some beneficial therapeutic effect, which was significantly enhanced by the co-administration of a Toll-like receptor 9 agonist (CpG). In contrast, single agent treatments had little effect on tumor growth. In addition, we evaluated the effect of combination with a-DR5, bortezomib, and CpG in the prevention/treatment of spontaneous mammary tumors in Balb-neuT mice. In this model, which is more difficult to treat, we observed dramatic antitumor effects of a-DR5, bortezomib and CpG combination therapy. Since such a mouse model more accurately reflects the immunological tolerance that exists in human cancer, our results strongly suggest that these combination strategies could be directly applied to the therapy for cancer patients.
Introduction
Apoptosis is the crucial hallmark for regulation of normal tissues and malignancy [7, 11] . Numerous strategies designed to induce tumor cell apoptosis are available in clinical trials, since resistance of tumor cells against apoptosis is a major obstacle in the treatment of cancer [8, 17] . One of the promising therapeutic strategies to eliminate tumor cells is via the triggering of proapoptotic death receptors [6] . Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a type II transmembrane protein belonging to the TNF family that triggers apoptosis on binding to its receptors, DR4 and/or DR5. Agonistic mAbs, a-DR4 and a-DR5 in humans or a-DR5 in mice, have been generated to develop novel cancer therapeutics that induce tumor cell death. Humanized versions of both a-DR4 and a-DR5 mAbs are currently in phase I clinical trials [9, 13, 22] . However, it is still controversial if the Electronic supplementary material The online version of this article (doi:10.1007/s00262-010-0834-0) contains supplementary material, which is available to authorized users. reagents such as recombinant TRAIL and agonistic mAbs of DR5 are hepatotoxic. Taketa et al. [26] have demonstrated an interesting observation that a-DR5 mAb injection induced cholangitis and hepatic injury by apoptosis of cholangiocytes in B6 mice, but not in Balb/c mice.
Recently, several agents have been described that sensitize tumor cells to TRAIL-mediated apoptosis. One of these agents, the proteasome inhibitor bortezomib (Velcade; PS-341), can sensitize various tumor cells to TRAILmediated apoptosis by increasing the surface expression of DR4 and DR5 [3, 12, 25] . Bortezomib is an approved drug for treatment of patients with multiple myeloma [2, 10] . Several studies demonstrated that bortezomib alone or in combination with other therapeutic agents such as TRAIL induce apoptosis of tumor cells and inhibit tumor growth [24] .
Using the experimental mouse breast carcinoma model, TUBO, we show here that the combination of bortezomib and a-DR5 mAb increases apoptosis of TUBO tumor cells in vitro and promotes tumor regression in vivo. However, combination therapy with bortezomib and a-DR5 did not completely eradicate tumor growth in this model. Since the ultimate goal of our work was to determine antitumor effects in the more aggressive spontaneous breast tumor model in Balb-neuT mice, we attempted to enhance this combination therapy by adding TLR-L (CpG). Injection of CpG has an immunostimulatory function and has previously been shown by our laboratory to produce antitumor effects in this model [20] .
Although CpG is well known to act as an adjuvant for the innate immune response via the triggering of Toll-like receptor 9 (TLR 9) signaling pathway [16, 30, 32] , the role of CpG on antitumor effects is relatively new and yet largely unknown [4] . Actually, one of the crucial studies regarding the antitumor effect of CpG was performed by our group [20] . In an attempt to provide complete tumor regression, we hypothesized that the addition of CpG to the bortezomib and a-DR5 combination therapy could enhance the efficacy of therapy in both the TUBO and Balb-neuT experimental models of breast cancer. Since bortezomib is a proteasome inhibitor with multiple biological effects, it proved difficult to determine the optimal therapeutic window for combinations of bortezomib, a-DR5 and CpG for tumor regression in the absence of substantial toxicity. We optimized both the doses for all three agents bortezomib, a-DR5 and CpG, as well as the route of injection for the optimal therapeutic application of this combination.
In the present study, we demonstrated that a novel combination therapy involving a proteasome inhibitor (bortezomib), an agonistic monoclonal antibody to TRAIL receptor (a-DR5), and a Toll-like receptor agonist (CpG) could prevent tumor growth in both the TUBO as well as Balb-neuT tumor model.
Materials and methods

Mice
Female 6-8-week-old Balb/c mice were obtained through the National Cancer Institute/Charles River program. Mice were allowed to acclimate to our animal facility 1 week before beginning experiments. Balb-neuT mice (H-2 d ) were bred in our facilities [5, 20] . Heterozygous 6-to 15-week-old virgin females expressing rat HER-2/neu, as verified by PCR, were used. All investigations followed guidelines of the Committee on the Care of Laboratory Animals Resources, Commission of Life Sciences, National Research Council. The animal facilities of the Moffitt Cancer Center are fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Cell lines
The TUBO (Turin-Bologna) tumor is a cloned cell line established in vitro from a lobular carcinoma that arose spontaneously in a Balb-neuT mouse [20] . 4T1-neu cells were produced by transfecting the Balb/c-derived 4T1 mammary tumor cells with a retrovirus encoding the rat neu gene [15] and were a generous gift of Dr. Zhaoyang You (University of Pittsburgh Cancer Institute, Pittsburgh, PA).
Reagents
Bortezomib (Velcade, PS-341) was kindly provided by Dr. Thomas J. Sayers (Basic Research Program, SAICFrederick Inc., MD, USA), and additional bortezomib (Millenium Pharmaceuticals, Cambridge, MA) was purchased from the Moffitt Cancer Center Pharmacy. The immunostimulatory synthetic oligodeoxynucleotide ODN-1826 (5 0 -TCCATGACGTTCCTGACGTT-3 0 ), containing two CpG motifs (referred as CpG), was prepared by the Mayo Clinic Molecular Core Facility.
Antibodies
The a-DR5 mAb (MD5-1) was generated as previously described [27, 28] . We purified a-CD40 (clone; FGK 45), and a-41BB (clone; 3H3) monoclonal antibodies as described previously [1] .
Induction of apoptosis and annexin V staining
The indicated amount of biotinylated MD5-1 was crosslinked with 5 lg/ml streptavidin (Rockland, Gilbertsville, PA) at 4°C overnight (24 well plate). The next day, cells (TUBO; 3 9 10 5 , 4T1-neu; 1 9 10 5 ) were cultured in the presence (10 lg/ml) or absence of bortezomib for 24 h. The cells were washed twice with PBS and stained with FITC-conjugated annexin V (BD Pharmingen) in the presence of DAPI (Sigma) in accordance with the manufacturer's protocol. Stained cells were immediately analyzed. Flow cytometry was performed using an LSRII cytometer (BD Immunocytometry Systems). Data analysis was performed using FlowJo software, version 8.5 (Tree Star, Ashlan, OR). The percent of specific apoptosis was calculated as follows: percent specific apoptosis = (apoptosis with a-DR5 -spontaneous apoptosis)/(100 -spontaneous apoptosis) 9 100.
ELISpot (enzyme-linked immunosorbent spot) assay
To assess antigen-specific T-cell responses, mice were euthanized by CO 2 inhalation. The spleen was removed from each animal and placed separately into complete RPMI, supplemented with 10% FBS, L-glutamine, 2-mercaptoethanol and gentamicin. The tissues were minced and ground through a sterile mesh to obtain a single cell suspension. Cells were treated with ACK buffer for red blood cell lysis and were counted and resuspended at the stated cell concentration for the appropriate in vitro assay. For detection of CD8 T cells secreting IFN-c, ELISpot assays were performed as described previously [1] . CD8 T cells from spleens were purified by positive selection using antibody-coated magnetic beads according to manufacturer's protocol (Miltenyi Biotec, Auburn, CA). Responder (CD8-purified) cells were incubated at 3 9 10 5 , 1 9 10 5 and 3 9 10 4 per well, together with 3 9 10 4 stimulator cells. For measurement of peptide responses, A20 cells were used in the presence of peptide (rNEUp66-TYVP-ANASL) or its absence. TUBO cells were used as a stimulator for tumor recognition. Cultures were incubated at 37°C for 20 h, and spots (IFN-c-producing cells) were developed as described by the ELISpot kit manufacturer (Mabtech, Inc., Mariemont, OH). Spot counting was done with an AID ELISpot Reader System (Autoimmun Diagnostika GmbH, Strassberg, Germany). 
Prevention of spontaneous tumors
Virgin female Balb-neuT mice were selected by age to perform the combination therapy at different time points. To monitor the appearance of spontaneous tumors, the chests of the mice were shaved using an electric razor, and mammary pads were manually inspected twice every week. Data are also reported as tumor multiplicity (cumulative number of tumors per number of mice in each group) as previously described [20] . Measurable/palpable masses [2 mm in diameter were regarded as tumors. In all cases, when mice had tumors [20 mm in the greatest dimension or when skin ulceration occurred, they were euthanized by CO 2 inhalation according to our institutional animal care and use committee guidelines.
Statistical analysis
Student's t test was applied at 95% confidence interval to determine the statistical significance of differences between groups, with P \ 0.05 being considered significant. All analysis and graphics were done using GraphPad Prism, version 5 (GraphPad Software, San Diego, CA).
Results
Synergistic induction of apoptosis by bortezomib and a-DR5 mAb in vitro
First, we measured the DR5 expression level on TUBO cells and compared it to its expression with the mouse breast cancer cell line 4T1, which has been known to be susceptible to TRAIL and a-DR5 mAb. As shown in Fig. 1a , TUBO and 4T1-neu (a rat NEU-transfected subline of 4T1), both expressed approximately equal levels of DR5 on their surface. Since our goal was to ultimately perform therapeutic studies with spontaneous tumors in Balb-neuT mice, we chose the TUBO cells that more closely resemble the spontaneous tumors for further studies. Since it is well known that cross-linking of DR5 is essential for induction of apoptosis [27] , we evaluated whether TUBO cells were sensitive to a-DR5 mAb (MD5-1)-mediated cell death, as assessed by annexin V staining. For these experiments, we used biotinylated MD5-1 and streptavidin to cross-link the DR5. Unexpectedly, little apoptosis of TUBO cells was induced by MD5-1 alone (Fig. 1b) , while incubation of 4T1-neu cells with MD5-1 alone for 24 h resulted in a dose-dependent increase in apoptosis.
It has been reported that proteasomal inhibitors can increase the effectiveness of TRAIL-mediated apoptosis in some tumor cells [11] . Thus, we examined whether treatment of the cells with bortezomib would increase the effects of the a-DR5 mAb in inducing apoptosis. As shown in Fig. 1c , incubation of TUBO cells with bortezomib and different doses of a-DR5 (closed circles) for 24 h resulted in enhanced apoptosis reaching a maximum of 90%, whereas a-DR5 alone (open circles) had little effect. Consequently, these results suggest that bortezomib and a-DR5 have a synergistic effect on the induction of apoptosis of TUBO cells in vitro.
Partial regression of established tumor by combination therapy using bortezomib and a-DR5 mAb In view of the above, we proceeded to determine whether a-DR5 mAb alone or in combination with bortezomib would have any effect on the growth of established TUBO tumors in Balb/c mice. a-DR5 mAb alone reduced the rate of tumor growth in all mice treated (Fig. 2 , closed square) compared to the untreated mice (Fig. 2 , closed circle. P \ 0.05). More importantly, as predicted by the in vitro studies, a higher therapeutic effect was observed in those mice that received the bortezomib ? a-DR5 mAb combination therapy (Fig. 2, closed triangle) . However, we were not able to continue the treatment beyond day 17, since all the mice given bortezomib ? a-DR5 perished probably due to the toxicity of bortezomib at this dose (2 mg/kg). Thus, for future experiments, we decreased the dose of bortezomib to 1 mg/kg per injection and, as shown in Fig. 3 , bortezomib alone reduced the rate of tumor growth in all mice treated, as compared to the untreated mice (Fig. 3 , closed square, P \ 0.05). Notably, at this lower dose of bortezomib, two different doses of a-DR5 mAb (50 or 100 lg) further decreased tumor growth, but neither was able to induce complete tumor regression in this tumor model (Fig. 3 , closed triangle and open circle). Nevertheless, using the low dose of bortezomib, toxicity was reduced and mice did not perish due to the treatment. Thus, for future experiments, we decided to use 50 lg of a-DR5 mAb and 1 mg/kg of bortezomib. Taken together, these results indicate that a-DR5 mAb had a therapeutic effect against an established TUBO breast tumor (5-7 mm) and such therapeutic effects could be further magnified by concomitant bortezomib treatment.
Next, we assessed the possibility of increasing the therapeutic efficacy of this combination therapy by the addition of a TLR-ligand (CpG), with the goal of completely eradicating the tumors. In these experiments, we included CpG (50 lg per injection s.c. route, four times per week) in the combination with bortezomib ? a-DR5 mAb. The results presented in Fig. 4b show that the combination of bortezomib ? a-DR5 mAb, as previously observed (Fig. 3) , was effective in suppressing tumor growth, but the tumors were not completely eliminated even after prolonged treatment. Unfortunately, we were unable to determine whether CpG systemic therapy would enhance the therapeutic efficacy of bortezomib ? a-DR5 mAb, because all mice died after four injections with CpG (Fig. 4c) . We concluded that systemic treatment of CpG in combination with bortezomib ? a-DR5 mAb was highly toxic and so we decided to lower the dose of CpG and administer it intratumorally as described previously [18] .
To determine the presence of antigen-specific T-cell responses in group B, we euthanized all four mice and performed ELISpot assays as well as tetramer staining. However, we could not detect rNEU-p66-specific T-cell responses (data not shown). These results indicate that bortezomib ? a-DR5 mAb can control, but not completely eradicate, tumors and that lack of eradication may be due to the absence of potent antitumor responses.
Complete regression of established tumors by the addition of CpG in the combination of bortezomib ? a-DR5 mAb
As shown above, we have investigated several strategies to regress established TUBO tumor. We have shown that: (1) a-DR5 alone or bortezomib alone can induce partial regression in TUBO model. (2) a-DR5 ? bortezomib induced partial regression in TUBO model. (3) a-DR5 ? bortezomib ? systemic CpG were too toxic to conclude about the effect on TUBO tumor. Next, we investigated whether the administration route of CpG can affect TUBO tumor regression. Thus, we changed the route of CpG from systemic to local (intratumoral) injection. Notably, the most significant effects in the TUBO model were observed in mice that received bortezomib, a-DR5 mAb and intratumoral CpG, but not intratumoral CpG alone, and a-DR5 and intratumoral CpG (Fig. 5 ). Although the a-DR5 ? CpG-treated group showed partial regression compared to the control group, it was a trivial effect without the bortezomib combination. Thus, we concluded that the tumors in the bortezomib ? a-DR5 ? CpG-treated group regressed and appeared to have been eliminated completely. Fig. 2 Partial regression of TUBO tumor after treatment with either a-DR5 alone or combination of bortezomib and a-DR5. Groups of mice were subjected to the following: injected with 3 9 10 5 TUBO cells on day 0; left untreated (n = 5, closed circles); given a-DR5 (50 lg per injection, i.v. route) for a total of three times every 4 days (lines) (n = 5, closed squares); given bortezomib (50 lg per injection, i.v. route) twice per week, with a 3-day break between injections (arrows) and a-DR5 (50 lg per injection, lines) the next day after bortezomib (n = 5, closed triangles). Significant differences (P \ 0.02) between a-DR5 alone and bortezomib ? a-DR5-treated mice were observed on day 14 and later. Data represent the results of a single experiment, which was one of three with similar results ) was calculated by multiplying two perpendicular diameters. P \ 0.02 between a-DR5 alone (Fig. 2, closed triangles) and bortezomib ? 50 lg of a-DR5 (closed triangles), a-DR5 alone (Fig. 2, closed  triangles) and bortezomib ? 100 lg of a-DR5 (open circles) on day 14 and later. P \ 0.02 between bortezomib alone (closed squares) and bortezomib ? 50 lg of a-DR5 (closed triangles), bortezomib alone (closed squares) and bortezomib ? 100 lg of a-DR5 (open circles) on day 14 and later. Data represent the results of a single experiment, which was one of three with similar results Antitumor activity of combination therapy against spontaneous tumors in Balb-neuT mice Though the TUBO tumor transplantation model is very useful to study the effects of combination immunochemotherapy, it does not reflect the natural progression of malignant disorders occurring in human cancer. Thus, we used female Balb-neuT mice, which express endogenously rat NEU in their mammary glands and develop multiple spontaneous tumors soon after reaching puberty [27] , for further investigations on the effects of combination therapy using bortezomib, a-DR5 and CpG. Thus, we assessed the effect of combination therapy in 19-week-old Balb-neuT female mice, which already had multifocal palpable carcinomas. Combination therapy with bortezomib, a-DR5 and CpG was administered for a 2-week period. As shown in Fig. 6a , the combination therapy resulted in significant regression of the spontaneous tumor sizes (P \ 0.01). Since the Balb-neuT mice contained multiple tumors at the start of therapy, we normalized the size of each tumor to 100% of the original size. The starting day of treatment was considered as a 5 TUBO cells on day 0. Groups of mice were subjected to the following: left untreated (n = 5, closed circles); treated with CpG alone (n = 5, closed triangle); treated with a-DR5 and CpG (n = 5, closed square); treated with bortezomib, a-DR5 and CpG (n = 5, open circles). The schedules for treatment are indicated by arrows (bortezomib), lines (a-DR5) and dotted-dashed lines (CpG). P \ 0.02 between control (closed circles) and bortezomib ? a-DR5 ? intratumoral CpG (open circles) on day 17 and later. Similar results were obtained in six independent experiments day 0. Accordingly, in untreated Balb-neuT mice, tumor size increased up to 280% from day 0 to day 14. Next, we calculated the average of percentage of regression of each tumor after finishing one cycle (day 7) and two cycles of treatment (day 14). Compared to untreated mice, the average size of tumors in mice given the combination therapy was reduced to about 50% on day 7 and up to 32% on day 14, respectively. In addition, the average number of tumors (tumor multiplicity) increased much faster in the untreated group compared to the group that was given combination therapy (Fig. 6b) . We provide the individual tumor sizes in untreated or treated Balb-neuT mice as an additional supplemental figure (Fig. S1) .
Unfortunately, tumors inhibited by combination therapy started to grow after the 2-week treatment period (data not shown). However, such tumor growth in treated mice was significantly delayed until week 35, while control mice had to be euthanized by week 25 when at least one tumor had reached the 20-mm diameter size. Obviously, these results suggest that combination therapy using bortezomib, a-DR5 and CpG can be a useful therapeutic method to inhibit tumor growth and progression in Balb-neuT mice.
Discussion
In this study, we demonstrated that a novel combination therapy including a proteasome inhibitor (bortezomib), an agonistic monoclonal antibody for TRAIL receptor (a-DR5) and a Toll-like receptor agonist (CpG) can diminish tumor growth in TUBO tumor model, as well as spontaneous tumors occurring in Balb-neuT mice. Recently, there are a few studies emphasizing the importance of bortezomib alone, a-DR5 alone or combination therapy in tumor models [3, 14, 25, 28, 31] . Although it has been known that bortezomib can sensitize a variety of tumor cells to the TRAIL-mediated apoptosis, not all tumor cells are sensitized [25] . Thus, we initiated this study to examine whether bortezomib could sensitize TUBO cells and furthermore prevent breast tumor growth in vivo.
Bortezomib is a potent proteasome inhibitor that is critical for protein degradation [19] . It has been already approved by the Food and Drug Administration (FDA) for the treatment of multiple myeloma [23] . Thus, many studies has been focused on this new drug, either alone or combined with other agents. Here, we first tried to use a-DR5 alone to determine if it has any inhibitory effect on TUBO cell lines. Unfortunately, we could not detect any apoptotic effect by annexin V staining in vitro. As expected, there was no effect in vivo when we tested the efficacy of a-DR5 alone in TUBO challenge model. In addition, no effect was observed in TUBO model when mice were treated with bortezomib alone. Since bortezomib has been shown to sensitize some tumors to TRAIL [24] , we next examined the effect of a combination of bortezomib with an a-DR5 mAb to promote breast tumor cell death in vitro and in vivo. Bortezomib-induced sensitization of tumor cells to TRAIL has been reported to involve several molecular mechanisms as follows: (1) increased TRAIL receptors [24] ; (2) decreased anti-apoptotic proteins such as c-FLIP and Bcl-2 [33] ; (3) release of proapoptotic factors from the mitochondria [21] . Obviously, we have shown that bortezomib combined with a-DR5 induced apoptosis of TUBO cells in vitro. Furthermore, significant tumor regression was observed in vivo in the TUBO tumor model in response to the combination of bortezomib and a-DR5. However as we showed in our results, such tumor regression, although statistically significant, was incomplete. Last year, one interesting study was published while we were performing studies in the TUBO s.c tumor model. In this study, a combination therapy of bortezomib and a-DR5 was demonstrated to provide a beneficial therapeutic effect in both wild-type and SCID mice bearing the mouse renal cancer RENCA [29] . It was therefore concluded that the antitumor effect of this combination therapy directly involved molecular-targeted tumor cytotoxicity, but not an adaptive immune response. Actually, this study provided us with an interesting idea as to why combination therapy was not completely effective in our TUBO model. Thus, we considered modifying our combination strategy to include CpG in an attempt to further enhance any ongoing immune-mediated antitumor responses. There are several reasons for the addition of CpG in combination with bortezomib and a-DR5. First, it is possible that a lack of complete tumor regression using a combination of bortezomib and a-DR5 was due to a lack of immune response in our TUBO tumor model. Second, the role of CpG on antitumor effect is relatively new and unclear and worthy of further detailed investigation. Third, we needed a much stronger therapeutic effect than that observed with bortezomib and a-DR5, since the ultimate goal of the current study was to prevent tumor progression in a most aggressive spontaneous breast tumor model mimicking human tumor tolerance. Lastly, we are currently working on the effect of CpG in immune modulation as well as tumor regression.
Amazingly, the addition of CpG to combination of bortezomib and a-DR5 regress the tumor growth completely in the TUBO model as well as in the Balb-neuT model. Although we expected to obtain strong CD8 T-cell immune responses after CpG addition as a mechanistic study, we detected a small increase in the CD8 T-cell responses against rNEU p66 peptide in CpG-treated mice. The point that was missed in such an experiment was that we measured only the rNEU p66 peptide-specific CTL responses, since rNEU p66 is an immunodominant epitope for CTL. Thus, we could not detect significantly increased CD8 T-cell responses using a narrow window in the CpGtreated group. However, it is worthwhile to measure other immune responses mediated by CD4 cells and NK cells in future studies, because we only focused on rNEU p66-specific CD8 T-cell responses and may have missed other immune-mediated antitumor effects.
More interestingly, we have recently investigated DR5 expression on B16 melanoma cell line (unpublished personal result by S. Lee and E. Celis). Since one of the current focuses of our laboratory is the development of effective therapy against melanoma, this combination therapy may be applicable to enhancing therapeutic efficacy in melanoma tumor. For future consideration, it might be important to investigate the role of histone deacetylase inhibitors, NK cell-mediated tumor killing or depletion of CD4
? CD25 ? regulatory T cells combined with our novel combination therapy in other tumor models. A better understanding of the control optimal administration and dose scheduling of these combination therapies may facilitate the rational development of new cancer vaccine candidates. These targeted therapies could reduce tumor burden, thus optimizing the benefit of immunotherapy on smaller tumors. In addition, the cytotoxic effects of these agents on tumor cells may promote the release of tumor antigens that under appropriate conditions may additionally increase antitumor immune responses.
